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Vertebrate evolutionAll cranial sensory organs and sensory neurons of vertebrates develop from cranial placodes. In chick,
amphibians and zebraﬁsh, all placodes originate from a common precursor domain, the pre-placodal region
(PPR), marked by the expression of Six1/4 and Eya1/2. However, the PPR has never been described in
mammals and the mechanism involved in the formation of PPR is poorly deﬁned. Here, we report the
expression of Six1 in the horseshoe-shaped mouse ectoderm surrounding the anterior neural plate in a
pattern broadly similar to that of non-mammalian vertebrates. To elucidate the identity of Six1-positive
mouse ectoderm, we searched for enhancers responsible for Six1 expression by in vivo enhancer assays. One
conserved non-coding sequence, Six1-14, showed speciﬁc enhancer activity in the rostral PPR of chick and
Xenopus and in the mouse ectoderm. These results strongly suggest the presence of PPR in mouse and that it
is conserved in vertebrates. Moreover, we show the importance of the homeodomain protein-binding sites of
Six1-14, the Six1 rostral PPR enhancer, for enhancer activity, and that Dlx5, Msx1 and Pax7 are candidate
binding factors that regulate the level and area of Six1 expression, and thereby the location of the PPR. Our
ﬁndings provide critical information and tools to elucidate the molecular mechanism of early sensory
development and have implications for the development of sensory precursor/stem cells.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
In vertebrates, all cranial sensory organs (except the retina) and
sensory neurons originate from the cranial placodes (Baker and
Bronner-Fraser, 2001; Brugmann and Moody, 2005; Schlosser, 2006;
Streit, 2004). Adenohypophyseal, olfactory, lens, trigeminal, otic and
epibranchial placodes have been described in amniotes, which give
rise to adenohypophysis, olfactory epithelium, lens, trigeminal
ganglion, inner ear and vestibulo-acoustic ganglion, and epibranchial
sensory ganglia (geniculate, nodose and petrosal ganglia), respec-
tively. All placodes share similar characteristics; they form columnar
epithelia adjacent to the neural tube, some of the cells delaminate to
form sensory ganglia (Graham et al., 2007), and they are neurogenic
with the exception of lens and adenohypophyseal placodes. More-
over, there is growing evidence supporting the notion that all
placodes originate from a common precursor domain termed the
pre-placodal region (PPR) or pan-placodal primordium (Baker and
Bronner-Fraser, 2001; McLarren et al., 2003; Schlosser and Ahrens,
2004; Streit, 2002). The horseshoe-shaped domain encircling the
anterior neural plate was initially reported to be competent informing multiple placodes in amphibians (Jacobson, 1963). Fate
mapping in chick and zebraﬁsh revealed overlapping distribution of
precursor cells of different placodes in this region (Bhattacharyya
et al., 2004; Kozlowski et al., 1997; Streit, 2002, Xu et al., 2008).
Identiﬁcation of Six (Six1 and Six4) and Eya (Eya1 and Eya2) genes
(Esteve and Bovolenta, 1999; Ishihara et al., 2008a; Litsiou et al., 2005;
Sahly et al., 1999; Schlosser and Ahrens, 2004; Streit, 2002) as speciﬁc
markers whose expression match the PPR deﬁned by fate mapping
provided further evidence that PPR is a territory with a distinct
molecular signature. In addition, there is evidence that cells in the PPR
share the property of expressing Pax6 followed by additional lens-
marker genes and form the lens when cultured in isolation (Bailey
et al., 2006).
Analyses of mutants and morphants in the mouse and zebraﬁsh
have conﬁrmed the role of Six1 and Eya1 in sense organ development.
Severe defects are found in multiple sensory organs or placode
derivatives; the anterior pituitary (adenohypophysis), olfactory
epithelium, trigeminal ganglion, inner ear and epibranchial ganglia
(Bricaud and Collazo, 2006; Chen et al., 2009; Ikeda et al., 2007;
Konishi et al., 2006; Kozlowski et al., 2005; Laclef et al., 2003; Li et al.,
2003; Nica et al., 2006; Ozaki et al., 2004; Xu et al., 1999; Zheng et al.,
2003; Zou et al., 2004). In human, mutations of SIX1 and EYA1 cause a
sensory disorder called branchio-oto-renal syndrome (Ruf et al.,
2004). Importantly, these genes have speciﬁc functions in the PPR
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characteristics shared among placodes. Overexpression of Six1 and
Eya1 expanded the PPR at the expense of neural crest and epidermis
(Brugmann et al., 2004; Christophorou et al., 2009). Both genes
support placodal neuronal progenitor proliferation and subsequent
neuronal differentiation through their effects on SoxB1 expression
(Schlosser et al., 2008). Finally, the naïve ectoderm only becomes
competent to respond to otic placode-inducing signals when it has
ﬁrst adopted a pre-placodal identity characterized by the expression
of Eya2 (Martin and Groves, 2006). Thus, there is a general agreement
that the PPR seems to represent a pool of sensory precursor cells and a
regulatory network consisting of various genes including Six1/4 and
Eya1/2 confers pre-placodal characteristics to the region (Baker and
Bronner-Fraser, 2001; Christophorou et al., 2009; Ohyama et al., 2007;
Schlosser, 2006). Recent studies have identiﬁed several signaling
molecules involved in the induction of the PPR (Ahrens and Schlosser,
2005; Brugmann et al., 2004; Esterberg and Fritz, 2009; Glavic et al.,
2004; Hong and Saint-Jeannet, 2007; Litsiou et al., 2005; Sjodal et al.,
2007; Solomon and Fritz, 2002; Woda et al., 2003). However, three
important questions remain unanswered: 1) Does the PPR exist in
mammals? 2) Is there any speciﬁc enhancer that can be used to label a
part of or the entire PPR? and 3) If such an enhancer really exists, what
is the regulatory mechanism activating such a PPR-speciﬁc enhancer?
Identiﬁcation of major enhancers that control the expression of a
key developmental gene in a given developmental processes is critical
for elucidating its underlying molecular basis, as shown in the case of
Sox2 regulation during neural induction (Papanayotou et al., 2008;
Takemoto et al., 2006; Uchikawa et al., 2003). Elucidation of the
regulatory mechanisms of Six1/4 and Eya1/2 expression could
provide a clue to answer the above questions. Unfortunately, none
of the major conserved enhancers of Eya1 activates transcription in
the PPR (Ishihara et al., 2008b). Also, the lack of information as to
whether Six4 and Eya2 play a conserved critical role during early
sensory development points to the importance of analyzing Six1
regulation. In the mouse, Six1 expression is detected in all placodes
(excluding the lens placode) and their derivatives (Gu et al., 2004;
Laclef et al., 2003; Oliver et al., 1995; Ozaki et al., 2004), and appears at
embryonic day 7.5 (E7.5) in the endoderm (Gu et al., 2004) and at E8.0
in the rostral region of the embryo (Chen et al., 2009). However, its
expression in the horseshoe-shaped PPR or even the presence of such
region in mouse embryo remains elusive.
Here, we report mouse Six1 expression in the ectoderm surround-
ing the anterior neural plate in a pattern essentially similar to that of
non-mammalian vertebrates. To elucidate the identity of Six1-positive
ectoderm, we found that one conserved sequence had speciﬁc en-
hancer activity in the PPR of chick and Xenopus and in the ectoderm of
mouse. Together, the results suggest the presence of a PPR in mouse.
We also analyzed the regulatorymechanismactivating the unique Six1
PPR enhancer and identiﬁed how Six1-positive domain/PPR is
established.
Materials and methods
Genomic sequence analysis
The genomic sequences covering Six1 were obtained from
Ensembl. Global pairwise alignment was carried out using shufﬂe-
LAGAN (Brudno et al., 2003), and the results were visualized using the
VISTA Browser (Frazer et al., 2004). Conserved transcription factor
binding sites were identiﬁed using rVISTA (Loots and Ovcharenko,
2004), Mulan (Ovcharenko et al., 2005) or TESS (Schug, 2008).
Reporter plasmid and transgene construction
The conserved non-coding sequences (CNSs) were isolated by PCR
from genomic DNAs or by digesting genomic subclones and ligatedinto ptkEGFP (Uchikawa et al., 2003). mSix1-14 (mouse Six1-14,
565 bp) and cSix1-14PCR (chick Six1-14, 784 bp) were isolated using
the primers listed in Table S1. The ptkmRFP1ver2 (Inoue et al., 2007)
was used for construction of mRFP1 and multimerized reporters.
Mutated ptkmRFP1-mSix1-14 reporters were constructed using the
primers listed in Table S2. For mouse transgenesis, wild-type and
mutated Six1-14 were each ligated into ASShsp68lacZpA (Sasaki and
Hogan, 1996) or ASStkintronlacZpA and transgene DNA fragments
were excised and puriﬁed using QIAEX II (Qiagen, Hilden, Germany).
For Xenopus transgenesis, wild-type mSix1-14 was ligated into
ISpBSIISK+betaGFP (Ogino et al., 2006). All plasmids were veriﬁed
by DNA sequencing and puriﬁed by QIAﬁlter or EndoFree Plasmid Kit
(Qiagen). Table S3 shows a list of plasmids.
Animals
Mice were housed in an environmentally-controlled room in the
CDB, RIKEN Kobe and in the Center for Experimental Medicine of Jichi
Medical University, under the guidelines for animal experiments.
Fertilized eggs of chick were purchased from Shiroyama Poultry Farm
(Kanagawa, Japan), and incubated at 38 °C in a humidiﬁed rocking
incubator. The developmental stage of chick embryos was determined
according to Hamburger and Hamilton (1951). Xenopus were kept in
the animal facility at NAIST. All experimental protocols were approved
by the Ethics Review Committee for Animal Experimentation of Jichi
Medical University.
Electroporation into chick embryos and detection of enhancer activity
Electroporation into chick embryos (Fig. 3A) was performed as
described previously (Ishihara et al., 2008b). In the initial screening of
enhancers, electroporation was veriﬁed using pCAG-HcRed (Matsuda
and Cepko, 2004) that drives ubiquitous expression of HcRed under
the control of the strong CAG promoter/enhancer (Figs. 3B,C). For
mSix1-14 mutation analysis, the ratio of the amount of plasmid for
mRFP1 reporters to EGFP control was kept constant (mRFP:
EGFP=1:2) to adjust ﬂuorescence intensity, and mRFP1 and EGFP
images were taken at the same exposure time. Embryos were
examined at 6, 12 and 24 h post-electroporation (h.p.e.). We
performed electroporation until we obtained more than 5 embryos
with homogeneous DNA distribution and normal morphology. The
patterns of enhancer activities were highly reproducible, and
essentially the same results were obtained from those embryos. For
histological analysis, embryos were ﬁxed and cryosections (14 μm)
were prepared.
Generation and analysis of transgenic Xenopus embryos
Transgenic Xenopus embryos were generated using the modiﬁed
sperm nuclear transplantation method (Ogino et al., 2008). Expres-
sion of EGFP mRNA was detected by in situ hybridization for
maximum sensitivity. Stained embryos were ﬁxed, embedded in 2%
agarose and thick vibratome sections (100 μm) were prepared.
Generation and histological analysis of transgenic mice
Transgenic mice were generated by microinjection using fertilized
eggs of CD-1 (ICR) using a standard protocol (Nagy et al., 2003). For
genotyping E10.5 embryos, yolk sac DNA was isolated and subjected
to PCR with primers mSix1-14-1/mhsp68R or mSix1-14-1/ptkEGFP-
RP (Table S4). Embryos at E8.0 were ﬁrst ﬁxed and processed for X-gal
staining. Whole-embryo DNAs from lacZ-negative embryos were
genotyped using the aforementioned primers and primers speciﬁc to
lacZ (genotyping) and Six1 (to monitor DNA quality) (Table S4).
Mouse embryos were ﬁxed and processed for X-gal staining as
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reﬁxed and cryosections (16 μm) were prepared.
In situ hybridization
Whole mount in situ hybridization was performed as described
previously (Ikeda et al., 2007; Ishihara et al., 2008a) using RNA probes
speciﬁc to mouse Six1 (Oliver et al., 1995), chick Dlx5 (Ferrari et al.,
1995) and chick Dlx6 (Brown et al., 2005). Stained embryos were
reﬁxed and cryosections (20 μm) were prepared.
Immunoﬂuorescence
Immunoﬂuorescence staining using anti-mouse Six1 antibody
(1:2000 dilution, rabbit IgG) was performed as described previously
(Ikeda et al., 2007; Konishi et al., 2006). Anti-human Sox2 (1:200
dilution, goat IgG, Santa Cruz Biotechnology, Santa Cruz, CA) was used
to stain the neural plate in chick. Anti-Pax6 (1:500 dilution, ascites)
and anti-Pax3 (1:50 dilution, hybridoma supernatant) mouse mono-
clonal antibodies from Developmental Hybridoma Bank, University of
Iowa, were used to stain the lens and trigeminal placodes, respec-
tively. The secondary antibodies were Alexa Fluor 488 anti-rabbit IgG
(1:1000 dilution), Alexa Fluor 546 anti-goat IgG (1:1000 dilution) and
Alexa Fluor 633 anti-mouse IgG (1:2000 dilution) (Molecular Probes/
Invitrogen, Carlsbad, CA). Confocal microscope was used to examine
colocalization of proteins.
Overexpression experiments
For overexpression, full-length chick Dlx5 (Ferrari et al., 1995),
Msx1 (Yokouchi et al., 1991) and Pax7 (Matsunaga et al., 2001) cDNAs
were ampliﬁed using the primers listed in Table S5 and ligated into
pCAGIG containing the strong ubiquitous CAG promoter/enhancer
and an IRES-EGFP cassette (Matsuda and Cepko, 2004). A fragment of
the Dlx5 homeodomain (cDlx5HD)was also ampliﬁed and ligated into
pCAGIG-VP16 to overexpress cDlx5HD fused to heterologous activa-
tion domain (Woda et al., 2003). Empty and various pCAGIG
constructs (3.0 mg/ml) were co-electroporated into the anterior
epiblast (Fig. 6F) with ptkmRFP1-mSix1-14×4 (125 ng/ml).
Veriﬁcation of siRNA against chick Dlx5 using cultured cells
To knockdown chick Dlx5 we chose Stealth siRNA (Invitrogen).
According to BLOCK-iT RNAi Designer (Invitrogen), three different
25mer double-stranded Stealth siRNAs, NM_204159_stealth_466 (5′-
CCGCGGACUAUUUAUUCCAGCUUUC), NM_204159_stealth_614 (5′-
GGUCCAAGAUCAAGAAGAUCAUGAA) and NM_204159_stealth_453
(5′-GAAAGUGCGCAAACCGCGGACUAUU), were synthesized using a
reference sequence for the chick Dlx5 mRNA NM_204159. As a
control, Stealth RNAi Negative Control Medium GC Duplex (Invitro-
gen) that does not match with any known vertebrate transcript was
used. HEK293 cells were plated at a density of 1×105 cells/well in a
24-well plate the day before and transfected with Stealth siRNAs
(20 pmol/well) and the chick Dlx5 expression vector pHM6-cDlx5
(40 ng/well) using Lipofectamine 2000 (Invitrogen). Twenty-four
hours after transfection, total RNAs were extracted using ISOGEN
reagent (Nippon Gene, Tokyo, Japan) and treated with DNase I (Roche
Diagnostics, Basel, Switzerland). RT-PCR was performed with 100 ng
of total RNAs for chick Dlx5 and human BETA-ACTIN with primers
listed in Table S5 using QIAGENOneStep RT-PCR kit (Qiagen). Aliquots
(4 μl out of 25 μl reaction) of each PCR reaction were taken at 16, 20,
24, and 28 cycles, run on a 5% polyacrylamide gel and stained with
Vistra Green (Amersham/GE Healthcare). Quantitation of Dlx5 mRNA
levels relative to BETA-ACTINmRNAwas carried out using the STORM
system (Amersham/GE Healthcare) and ImageQuant software(Amersham/GEHealthcare). pHM6-cDlx5was constructed by ligating
the full-length chick Dlx5 cDNA into pHM6 (Roche Diagnostics).
Knockdown of chick Dlx5 in vivo
For in vivo knockdown, Stealth siRNA against chick Dlx5,
NM_204159_stealth_614, and Stealth RNAi Negative Control Medium
GCDuplex (45 pmol/μl) were electroporated into the anterior epiblast
(Fig. 6F) with reporter ptkmRFP1-mSix1-14×4 (31.25 ng/μl) and
control pCAGIG (625 ng/μl, used to verify siRNA delivery). Embryos
wereﬁxed at 6 h.p.e. andmRFP1 and EGFP imageswere taken from the
dorsal side at the same exposure time. To quantify knockdown effects,
the mean values (gray values) of mRFP1 and EGFP channels of a ﬁxed
area (380×190 μm rectangle, Fig. 7E), which covers a large part of
mRFP1-positive rostral PPR on the left side of the embryo, were
measured. After subtracting the background ﬂuorescence obtained
fromnon-electroporated embryos, themeanmRFP1 levels normalized
to the EGFP levels were calculated, and shown relative to the value
obtained from the negative control siRNA.
Puriﬁcation of GST-fusion proteins and gel mobility shift assay
The gel shift assay was performed as described previously (Sato
et al., 2002). Full-length chick Dlx5 and Msx1 cDNAs ampliﬁed using
the primers listed in Table S5 were ligated into pGEX6P1 (Amersham/
GE Healthcare, Amersham, UK). GST-fusion proteins were expressed
in Escherichia coli BL21 and puriﬁed on a glutathione-Sepharose 4B
column (Amersham/GE Healthcare). Oligonucleotides encompassing
HD protein-binding sites of mSix1-14 (14-HD1 to HD3, Table S6) were
end-labeled with [alpha-32P]dCTP and used as probes. In some
binding reactions, 50-fold molar excess of unlabeled wild-type (14-
HD1 to HD3) and mutated (14-HD1m to HD3m, Table S6) oligonu-
cleotides were added as competitors.
Results
Mouse Six1 expression in the non-neural ectoderm surrounding the
neural plate
To analyze the expression pattern of mouse Six1 in early somite
stages, we performed whole mount in situ hybridization using
embryos at E8.0. As shown in Figs. 1A,B, Six1 mRNA was expressed
in embryos with 0–1 somite and a very shallow foregut pocket, which
best corresponds to the beginning of Theiler Stage 12a (TS12a) (Bard
et al., 1998). Sectioning of the embryo revealed expression of Six1 in
the non-neural ectoderm ﬂanking the thickened neural plate as well
as in the endoderm and mesoderm (Fig. 1C). The expression of Six1 in
the non-neural ectoderm was still noted in embryos with 5 somites
(TS12b, Figs. 1D–F) and later in all placodes except the lens placode
(data not shown) as has been reported (Oliver et al., 1995; Ozaki et al.,
2004). Six1 expression was also detected in the developing somites at
TS12b (Figs. 1E,K).
Since the Six1 hybridization signal in the non-neural ectoderm
was weak, particularly at early 0–2 somite stages, and was difﬁcult
to precisely map the expression domains, we also examined Six1
protein distribution in complete serial sections using a speciﬁc anti-
Six1 antibody (Ikeda et al., 2007) (Figs. 1G–J). The distribution of
Six1 in the non-neural ectoderm was continuous, extending
caudally and surrounded a large part of the developing neural
plate (1–2 somites, Figs. 1G–J) as reported in non-mammalian
vertebrates (Bessarab et al., 2004; Litsiou et al., 2005; Schlosser and
Ahrens, 2004). Sagittal sections at TS12b (5 somites, Figs. 1K,L)
showed conﬁnement of Six1 expression to the non-neural ectoderm
underlying the rostral neural plate. However, whether localization
of Six1 was exclusive to the non-neural (=surface) ectoderm or
extended to the outer (non-neural) slope of the anterior neural
Fig. 1. Expression patterns of Six1 mRNA and protein in the PPR of mouse embryo. (A–C) Whole mount in situ hybridization for Six1 at 0–1 somite stage (TS12a). Anterior (A)
and lateral (B) views. Arrowheads indicate signals in the ectoderm surrounding the anterior neural plate. The approximate position of transverse section (C) is indicated (red
arrowhead in B). Six1 expression in the ectoderm is weak but speciﬁc to non-neural domain (black dotted line, C). Expression is also detected in the mesoderm and endoderm.
(D–F) Six1 in situ hybridization at 5 somite stage (TS12b). Anterior (D) and lateral (E) views. Six1 is expressed under the ANR (white arrowheads), and extends posteriorly
along the lateral edge of the neural plate (black and red arrowheads). The approximate position of the transverse section (F) is indicated (red arrowhead in E). The
hybridization signal in the ectoderm (black dotted line, F) becomes clear at this stage. Also note Six1 expression in somites (asterisks, E). (G–I) Immunohistochemical detection
of Six1 at 1–2 somite stage (TS12a). Merged confocal images. Six1 (green) is detected by anti-Six1 antibody in non-neural ectoderm (orange dotted line). (J) A schematic
representation of TS12a embryo showing the positions of the transverse sections (G–I) and a stripe of the Six1-positive ectoderm (orange dotted line). (K,L) Six1 distribution at
5 somite stage (TS12b). Sagittal section (K) and high power view (L) showing Six1 in the ectoderm and the outer slope of the ANR (orange dotted line), endoderm, head
mesoderm and somites. DAPI is used for nuclear staining (blue in G–I,K,L). In B,J–L, anterior is to the left. In E, anterior is to the right. ec: non-neural ectoderm positive for Six1
mRNA/Six1 protein, en: endoderm, me: head mesoderm, np: neural plate, so: somites. Scale bars: 100 μm.
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detection of Six1 protein and Fgf8 mRNA, a speciﬁc marker of ANR
(Shimamura and Rubenstein, 1997), conﬁrmed overlapping of Six1
protein and Fgf8 mRNA in the outer slope of the ANR (data not
shown). Thus, Six1 expression was detected in the non-neural
ectoderm surrounding the anterior neural plate, which reﬂects the
PPR territory in chick (Litsiou et al., 2005), Xenopus (Schlosser and
Ahrens, 2004) and zebraﬁsh (Bessarab et al., 2004). Furthermore,
Six1 was also expressed in the underlying mesoderm and endoderm
in mouse as in chick embryos (Litsiou et al., 2005).Identiﬁcation of CNSs at Six1 locus
Our analysis revealed the expression of mouse Six1 in a horseshoe-
shaped, non-neural ectoderm that resembles the PPR identiﬁed in
other species. However, since no fate mapping or experimental
embryological studies have been carried out in mouse in relation to
the Six1-positive ectodermal domain at E8.0–E8.5, another piece of
evidence was needed to establish homology between the mouse
ectoderm and the previously described PPR of non-mammalian
models. We reasoned that if we could identify a conserved enhancer
Fig. 2. Position of 16 evolutionarily conserved sequences around Six1 exons. (A,B) The VISTA plot of the 190 kb (A) or the central 26 kb (B) intervals containing mouse Six1. The plot shows conserved sequences between mouse and human
(top), mouse and opossum (upper middle), mouse and chick (lower middle), and mouse and Xenopus (bottom). The abscissa represents the mouse sequence (base sequence) and the ordinate represents the percentage identity in a 100 bp
window. Conserved regions above the level of 50%/100 bp are highlighted under the curve, with pink indicating a conserved non-coding sequence (CNS), blue, a conserved exon, and cyan, an untranslated region. Among such CNSs scattered
over the 150-kb region containing Six1 between the ﬂanking Six6 and Six4, 16 are conserved in mammals (mouse, human and opossum) and either chick or Xenopus. They are termed Six1-8 to Six1-29 and the positions are indicated in Arabic
numerals on each plot. Six1-13 of Xenopus does not appear in this plot but its presence is conﬁrmed by direct BLAST search. The genomic sequences were downloaded from Ensembl: human (NCBI 36 assembly, November 2005), mouse (NCBI
m37 assembly, April 2007), opossum (MonDom5, Oct 2006), chick (release 2.1, May 2006) and Xenopus (assembly version 4.1, August 2005).
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positive ectoderm in mouse as well as PPR in chick and Xenopus,
activity of such conserved enhancer in mouse would provide a basis
for the identity of the Six1-positive ectodermal region.
To identify such PPR-speciﬁc enhancer, we searched for CNSs at
Six1 locus. We focused on CNSs located in the 150-kb region between
the neighboring Six6 and Six4 genes (Fig. 2A). Sequence blocks that
showed higher than 50% identity over 100 bp in mammals and either
chick or Xenopuswere deﬁned as CNSs. There were 16 such CNSs and
the majority clustered in the 20-kb region ﬂanking Six1 exons
(Fig. 2B).
Identiﬁcation of a conserved enhancer that directs PPR-speciﬁc gene
expression in chick and Xenopus
To examine potential enhancer activity of 16 CNSs, the
sequences from the C57BL/6J mouse genome were isolated and
inserted into ptkEGFP (Uchikawa et al., 2003). EGFP reporter
plasmids were introduced into the entire epiblast of chick embryos
(Stage HH4-4+) by electroporation (Figs. 3A,B), cultured for 6–24 h
and the enhancer activity was assessed as EGFP ﬂuorescence.
Furthermore, we conﬁrmed the enhancer activity using multi-
merized (2× and 4×) reporters.
Among the 16 CNSs, a single CNS (mSix1-14) activated EGFP
expression in the region surrounding the anterior neural plate at 6
h.p.e. (Fig. 3B). Transverse sections showed that the expression
domain was speciﬁc to the ectodermal layer (Figs. 3C,D) and
immunohistochemical detection of Sox2 revealed that EGFP signal
was mainly conﬁned to the non-neural ectoderm ﬂanking the
thickened Sox2-positive neural plate (Fig. 3E). Interestingly, the
expression domain corresponded to the rostral part of the PPR whose
posterior limit lies beyond the level of Hensen's node (Streit, 2004).
The homologous sequence isolated from chick (cSix1-14PCR) also
activated EGFP expression in a similar rostral domain in the non-
neural ectoderm (Figs. 3J, S1). Among the remaining 15 CNSs, 7 CNSs
showed EGFP expression in speciﬁc subdomains within the Six1
expression domains (as will be described elsewhere) while another 7
CNSs did not show any EGFP expression and 1 CNS exhibited enhancer
activity seemingly-unrelated to Six1 (data not shown).
Then, we examined whether Six1-14 can activate gene expression
in the PPR in Xenopus (Figs. 3F–H). mSix1-14 was ligated into
ISpBSIISK+betaGFP (Ogino et al., 2006), and transgenic embryos
were generated and EGFP expression was examined by whole mount
in situ hybridization. As shown in Fig. 3G, mSix1-14 activated EGFP
expression in cells surrounding the rostral region of the open neural
plate in transgenic Xenopus embryos at Stage 15 (15 EGFP-positive
embryos/86 normally developed injected embryos). Sagittal sections
showed the hybridization signal in the rostral non-neural ectoderm
and weakly in the adjacent restricted rostral end of the neural plate
(Fig. 3H), which corresponds to the PPR deﬁned previously by the
expression of Six1 and Eya1 (Schlosser and Ahrens, 2004).
Finally, to provide further evidence that Six1-14 is a conserved
enhancer that drives gene expression in the PPR, we examined the
distribution of cells labeled with Six1-14 in older chick embryos
(Figs. 3I–P). To assess the position of Six1-14-labeled cells relative
to various placodes, antibodies against Pax6 (lens placode marker)
and Pax3 (trigeminal placode marker) were used. Also, ptkEGFP-
mSix1-21×2, which labels otic and epibranchial placodes (S. Sato,
unpublished), was electroporated with ptkmRFP1-cSix1-14PCRx4.
At 6 h.p.e., the mRFP1-positive cells were located in the rostral PPR
(Fig. 3J). At 24 h.p.e., positive cells were located in the most rostral
olfactory (Figs. 3K–M) and ventral adenohypophyseal (Fig. 3K)
placode areas, ventral head ectoderm (Figs. 3K,M,N) and Pax6-
labeled lens placode (Figs. 3K,L,N). However, positive cells were
rarely observed in the more caudal Pax3-labeled trigeminal
placode (Figs. 3L,O) and otic/epibranchial placodes labeled byEGFP driven by mSix1-21 (Figs. 3L,P). These ﬁndings strongly
suggest that Six1-14 is an enhancer speciﬁc to the rostral PPR
conserved in tetrapods.
Enhancer activities of CNSs in transgenic mouse embryos
To examine whether Six1-14 is active and can account for the
endogenous Six1 expression in mouse, we constructed transgenes
with lacZ reporter and generated transgenic mouse embryos (Fig. 4).
At E8.0, the mSix1-14 fused to the mouse hsp68 promoter activated
lacZ expression in the rostral region of the non-neural ectoderm (9
lacZ-positive embryos/20 transgenic embryos). More precisely, at the
presomite stage (TS11), lacZ expression was negative in the ectoderm
(0/7, Fig. 4A). At the early somite stage (TS12a, 1–4 somites), lacZ was
expressed in the rostral non-neural ectoderm, but the number of
embryos (4/8) and positive cells (about 5–50 cells/embryo) was very
small (Figs. 4B,C). At the subsequent stage (TS12b, 5–7 somites), all
embryos (5/5) were lacZ-positive and many lacZ-positive cells were
identiﬁed also (Figs. 4D,E). The positive region was conﬁned to be the
rostral part of the non-neural ectoderm underlying the anterior neural
plate (Fig. 4E) and was smaller than the endogenous Six1 mRNA/
protein expression domain (Fig. 1). The lacZ-positive region in the
non-neural ectoderm was highly restricted even when a multi-
merized mSix1-14 reporter was used (Fig. 5Ca). At E10.5, no
reproducible lacZ expression was observed (0/11, Fig. 4F), suggesting
that the enhancer activity of mSix1-14 is transient and speciﬁc to the
rostral region of the non-neural ectoderm and does not strongly
activate gene expression at later stages. The difference from the
results of short-term cell lineage trace in chick, in which mRFP1
driven by cSix1-14PCR was detectable in placodes at 24 h.p.e.
(Figs. 3I–P, S1) may reﬂect a difference in the activity of Six1-14
between mouse and chick (Fig. S1), the presence of excess amount of
mRFP1 introduced by electroporation in chick and the marked
increase in the size of mouse embryos from E8.0 to E10.5. The above
results strongly suggest that the rostral PPR-speciﬁc enhancer (Six1-
14) identiﬁed using chick and Xenopus accounts for part of
endogenous Six1 expression in the horseshoe-shaped domain in
mouse. In addition, the results are consistent with the notion that
Six1-positive mouse ectoderm represents the conserved PPR that
expresses an orthologous gene (Six1) driven by the same conserved
enhancer (Six1-14).
Identiﬁcation of essential cis-elements for mSix1-14
What are the regulatory mechanisms involved in the induction of
Six1 expression and the PPR itself? To provide an answer, we
characterized the cis-elements and trans-acting factors required for
the activity of Six1-14.
As shown in Fig. 5A, alignment of Six1-14 from 4 tetrapod species
highlighted conserved transcription factor binding sites: ﬁve Gata,
three Sox and three homeodomain (HD) protein-binding sites. To
address the role of these sites, we introduced wild-type (EGFP) and
mutated (mRFP1) reporters into chick embryos (Fig. 5Ba). Sox123m
mutation (disrupted all Sox-binding sites) did not alter mRFP1
expression driven bymSix1-14 in the PPR (data not shown). Similarly,
mutations of a unique E-box and a Pitx-binding site had no discernible
effect (data not shown). As shown in Fig. 5Bb, Gata1-5m mutation
(disrupted all Gata-binding sites) reduced mRFP1 expression. How-
ever, the most noticeable change was caused by HD123m mutation
(disrupted all HD protein-binding sites): it completely abolished
mRFP1 expression (Fig. 5Bc). Single (HD1m, HD2m and HD3m) and
double (HD12m) mutations were also analyzed, but they had only a
marginal effect (data not shown). Then, to conﬁrm the effect of
HD123mmutation on Six1-14 in mouse, we chose multimerized (4×)
reporters. The wild-type Six1-14 frommouse and chick activated lacZ
expression in the rostral PPR in all transgenic embryos at TS12
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expression was also detected in the anterior neural plate when
multimerized enhancer was used. Given the strictly non-neural
nature of monomeric mSix1-14, we conceived this activity to be
ectopic although the exact reason is unclear (Fig. 4). As expected,
HD123m mutation resulted in a complete loss of lacZ expression in
the rostral ectoderm (0/5, Fig. 5Cc). On the other hand, LacZ
expression in the endoderm was not affected by HD123m mutation
(Fig. 5Cc).Identiﬁcation of Dlx5 and Msx1 as important transcription factors
The above results indicated that the presence of at least one of the
three HD protein-binding sites was essential for the enhancer activity
of Six1-14. Among the HD proteins implicated in the formation of
neural plate border or PPR, Dlx5 and Msx1 have been the best-
characterized proteins (Esterberg and Fritz, 2009; McLarren et al.,
2003; Phillips et al., 2006; Schlosser, 2008; Streit, 2007). Detailed
analyses in chick showed: 1) pronounced Dlx5 expression in the
Fig. 4. Six1-14 activated gene expression in the non-neural ectoderm inmouse embryos. (A–F) Enhancer activity of mSix1-14-hsp68-lacZpA inmouse.Whole mount embryo at TS11
(A) showing lacZ expression in the endoderm and lack of such expression in the ectoderm.Whole mount embryo at TS12a (B) and sagittal section (C) showing weak lacZ expression
in a small number of cells in the rostral region of the non-neural (arrowheads) ectoderm. Whole mount embryo at TS12b (D) and a sagittal section (E) showing strong lacZ
expression in the rostral end of the non-neural ectoderm (arrowheads). The approximate positions of sections (C,E) are indicated (red arrowheads in B,D). Endodermal expression of
lacZ is detectable through TS11 (A) to TS12b (E). No speciﬁc lacZ expression is observed in transgenic embryo at E10.5 (F). A,B,D are frontal views. In C,E,F, anterior is to the left. en:
endoderm, np: neural plate. Scale bars: 100 μm (C,E), 200 μm (A,B,D) and 1 mm (F).
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in the posterior region, 2) extensive expression of Dlx5 in the anterior
non-neural ectoderm while Msx1 is expressed in the neural fold and
subsequently in the neural crest (McLarren et al., 2003; Pera et al.,
1999; Streit, 2002; Streit and Stern, 1999). In addition, taking into
consideration the effects of both proteins on the expression of PPR
marker genes (Six4 and Eya1) (Esterberg and Fritz, 2009; Kaji and
Artinger, 2004; McLarren et al., 2003; Phillips et al., 2006; Schlosser
and Ahrens, 2004; Solomon and Fritz, 2002), we focused on Dlx5 and
Msx1 as potential candidate regulators of Six1-14.
As shown in Fig. 5D, both bacterially-expressed GST-Dlx5 and
GST-Msx1 bound to three oligonucleotide probes (14-HD1 to HD3),
each harboring one of the three HD protein-binding sites of Six1-14
in vitro. The binding was speciﬁc since the addition of the wild-type
competitor, but not the mutated competitors (14-HD1m to HD3m),
inhibited complex formation. Then, are Dlx5 and Msx1 involved in
the regulation of Six1-14 in vivo? To investigate this, we ﬁrstFig. 3. The conserved non-coding sequence Six1-14 activates gene expression in the PPR of chick
by electroporation (A).Wholemount embryo at 6 h.p.e. with ptkEGFP-mSix1-14×4 showing EG
view). Green channel (EGFP) is superimposed on bright-ﬁeld image. Inset in B shows express
ubiquitous expression of HcRed, in a broad area of the embryo. Transverse section showing un
(arrowheads) in the non-neural ectoderm (Cb). Transverse section of another embryo at 6 h.p.
(D). Green channel (EGFP) is superimposed onDIC image. Themajority of EGFP-positive cells ar
(E). (F–H)Enhancer activity of Six1-14 inXenopus. Enhancer activitywas identiﬁedby transgene
EGFPmRNA distribution (arrowheads) is detected in the region surrounding the anterior neura
expression in the anterior non-neural ectoderm or the PPR (arrowheads) (H). (I–P) Distribut
ptkEGFP-mSix1-21×2 activate gene expression in the PPR and otic/epibranchial placodes, respe
and 24 h.p.e. (K,L) in whole mount. Ventral (J,K) and dorsal (L) views. Merged images of cSix1
superimposed on bright-ﬁeld image. At 6 h.p.e., mRFP1-positive cells are found in the rostral P
adenohypophyseal (K) placode areas and ventral head ectoderm (K) but are largely absent fro
embryo at 24 h.p.e. shown inK,L (the approximate positions of sections are indicated in L).Merg
area (M), lens placode stained by anti-Pax6 antibody (green, pseudocolor, N) and ventral he
trigeminal placode stained by anti-Pax3 antibody (green, pseudocolor, O) and otic/epibranchial
Pax6 antibody in the lens placode (white arrowheads in N). In contrast, no mRFP-positive cell
positive cell is labeled bymSix1-21 in the otic/epibranchial placodes (awhite arrowhead in P).
magniﬁcation and the mRFP1 and DAPI channels were taken at the same exposure time. In B,H
placode, ep: epibranchial placodes, hn: Hensen's node, le: lens placode, np: neural plate, ol: ol
200 μm (H), 400 μm (B,G,J,K).overexpressed Dlx5 in chick by electroporation (Figs. 6A–C,F). The
cDlx5 (Fig. 6B) and cDlx5HD fused to VP16 (Fig. 6C) augmented the
co-electroporated reporter (mRFP1) expression under the control of
mSix1-14 in the PPR. Importantly, cDlx5 expanded mRFP1 expres-
sion domain into the neural plate (Fig. 6B). The cDlx5HD fused to
Engrailed inhibited reporter expression (data not shown). To obtain
further evidence that Dlx5 activates mSix1-14, we chose a
knockdown approach using the Stealth siRNA. Among three syn-
thesized siRNAs against chick Dlx5 mRNA, the most effective siRNA
(NM_204159_stealth_614) was selected for in vivo usage based on
the result in cultured cells (Fig. 7A). The Dlx5 siRNA electroporated
into the anterior epiblast of chick embryo (as depicted in Fig. 6F)
speciﬁcally reduced Dlx5 expression level at 6 h.p.e. (Figs. 7Ba, Bb)
but did not alter the expression level of the closely related Dlx6
(Figs. 7Bc, Bd). As shown in Fig. 7C, mRFP1 expression driven by
mSix1-14×4 was clearly reduced by the Dlx5 siRNA (Fig. 7Cb)
compared to the control (Fig. 7Ca). Quantitative analysis (Fig. 7D)andXenopus. (A–E) Enhancer activity of Six1-14 in chick. Enhancer activitywas identiﬁed
FP expression (arrowheads) in the region surrounding the anterior neural plate (B, dorsal
ion of HcRed (magenta, pseudocolor) from co-electroporated pCAG-HcRed, which drives
iform expression of HcRed (magenta) in the ectoderm (Ca) and speciﬁc EGFP expression
e. with ptkEGFP-mSix1-14×2 showing EGFP expression (arrowheads) in a similar pattern
e located outside the neural plate labeledwith anti-Sox2 antibody (magenta, pseudocolor)
sis (F). Frontal viewof a stage15embryo transgenic for ISpBSIISK+betaGFPmSix1-14 (G).
l plate by in situ hybridization. Sagittal section (100-μm) of another embryo showing EGFP
ion of cells expressing mRFP1 driven by Six1-14 in chick. ptkmRFP1-cSix1-14PCRx4 and
ctively (I). Both reporterswere co-electroporated into the entire epiblast, examined at 6 (J)
-14PCR-labeled cells (red, pseudocolor) and mSix1-21-labeled cells (green, pseudocolor)
PR, while at 24 h.p.e, mRFP1-positive cells are present in the olfactory (K,L), lens (K,L) and
m the otic/epibranchial placodes (L) labeled with EGFP. (M–P) Transverse sections of the
ed confocal images conﬁrmed the presenceofmRFP1-positive cells in the olfactoryplacode
ad ectoderm (yellow arrows in N). In contrast, positive cells were mostly absent in the
placodes labeled bymSix1-21 (P). There aremultiplemRFP1-positive cells stainedby anti-
is labeled with anti-Pax3 antibody in the trigeminal placode (O) and only a single mRFP1-
DAPI is used for nuclear staining (blue inM–P). All confocal imageswere taken at the same
,J–L, anterior is to the left. In C–E,G,H,M–P, dorsal side is to the top. ad: adenohypophyseal
factory placode, ot: otic placode, ppr: pre-placodal region. Scale bars: 100 μm (C–E,M–P),
Fig. 5. Essential role of HD protein-binding sites on the activity of Six1 rostral PPR enhancer. (A) Alignment of the core regions of Six1-14. Binding sites for homeodomain (orange
shading), Sox (blue shading), Gata (yellow shading), Pitx (blue letters) and bHLH (E-box, green shading) are indicated. Numbers in brackets indicate the number of conserved sites
of each category. (B) Mutation analysis of mSix1-14 in chick. ptkEGFP-mSix1-14×4 (wild-type reporter, green) was co-electroporated with ptkmRFP1 constructs (magenta,
pseudocolor): mSix1-14×4 (top, a), Gata1-5mx4 (middle, b) and HD123mx4 (bottom, c) were examined at 6 h.p.e. Wild-type reporters (EGFP in a–c, mRFP1 in a) mark the rostral
PPR while Gata1-5m mutation reduces mRFP1 level (b). HD123m mutation abolishes mRFP1 expression (c). Dorsal views (a–c). Anterior is to the left. (C) Mutation analyses of
mSix1-14 in mouse. Wild-type [mSix1-14×4-tkintronlacZpA (a) and cSix1-14PCRx4-tkintronlacZpA (b)] and a mutated [mSix1-14HD123mx4-tkintronlacZpA (c)] transgenes were
used for transgenesis and lacZ expression was examined at E8.0. In sagittal sections, LacZ expression in the PPR at TS12 is observed in embryos injected with mouse (5 lacZ-positive
embryos/5 transgenic embryos, a) and chick (3/3, b) wild-type transgenes but absent in those carrying HD123m transgene (0/5, c). Asterisk indicates ectopic expression in the
neural plate. lacZ expression in the endoderm is not affected (c). (D) Gel shift assay. The consensus binding sequences of Dlx (Feledy et al., 1999) andMsx1 (Catron et al., 1993), wild-
type (14-HD1 to HD3) and mutated oligonucleotides (14-HD1m to HD3m) used as probes and competitors are shown (left). GST-cDlx5 (middle) and GST-cMsx1 (right) bind to
three probes containing HD protein-binding sites (HD1 to HD3) from mouse Six1-14. The unlabeled wild-type and mutated oligonucleotides (50-fold molar excess) were added to
the binding reaction in lanes 3, 4, 7, 8, 11, 12, 15, 16, 19, 20, 23, and 24. GST-cDlx5 (lanes 1–12) and GST-cMsx1 (lanes 13–24) show slightly different binding speciﬁcities. The
positions of DNA/protein complexes and free probes are indicated. In B,C, anterior is to the left. Abbreviations as in Figs. 1, 3 and 4. Scale bars: 500 μm (B), 100 μm (C).
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overexpression of Msx1 inhibited mRFP1 expression driven by
mSix1-14×4 (Fig. 6D). Interestingly, overexpressed Pax7, a critical
homeodomain protein required for neural crest formation (Basch etal., 2006), also inhibited reporter expression (Fig. 6E). Pax7 needs
both the homeodomain (TAATT) and paired domain (GTCAC)
binding sequences for optimal binding, but the homeodomain
binding sequence alone is sufﬁcient for binding and for transcription
Fig. 6. Regulation of the Six1 rostral PPR enhancer by overexpressed homeodomain proteins. (A–E) Overexpression of Dlx5, Msx1 and Pax7 in chick. The reporter ptkmRFP1-mSix1-
14×4 was co-electroporated with pCAGIG constructs, and mRFP1 level (magenta, pseudocolor) relative to EGFP ﬂuorescence (derived from an IRES-EGFP cassette of pCAGIG) was
examined as depicted in F. EGFP ﬂuorescence also indicates electroporated areas (F). Compared with the control pCAGIG (A), cDlx5 (B) and VP16-cDlx5HD (C) augment mRFP1
expression in the PPR. Overexpressed cDlx5 expands mRFP1 expression domain into the neural plate (asterisk in B). In contrast, cMsx1 (D) and Pax7 (E) reduce the expression. (F)
Experimental design used to assess the effect of co-electroporated pCAGIG constructs onmSix1-14. A–F are dorsal views, and anterior is to the top. Abbreviations as in Figs. 1, 3 and 4.
Scale bars: 400 μm.
167S. Sato et al. / Developmental Biology 344 (2010) 158–171activation (Kumar et al., 2009; White and Ziman, 2008). Thus, the
results indicated that Dlx5 activates Six1 expression by directly
binding to Six1-14 while Msx1 and Pax7 repress the enhancer
suggesting their potential role as repressors.
Discussion
PPR is an ectodermal territory conserved in vertebrates
The PPR is considered a domain containing a pool of sensory
precursor cells in non-mammalian vertebrates. However, the presence
of such domain in mammals or the existence of enhancers speciﬁc to
the PPR and the mechanisms that regulate their activity remain
unknown. Here, we demonstrated the presence of a contiguous
horseshoe-shaped domain in the non-neural ectoderm expressing
Six1 inmouse (Fig. 1). The Six1-positive region surrounded a large part
of the neural plate and resembled the PPR described in chick, Xenopus
and zebraﬁsh. In addition, using in vivo enhancer assays, we identiﬁed
a conserved cis-element (Six1-14) at tetrapod Six1 loci that directs
gene expression in the rostral PPR of chick and Xenopus (Fig. 3), and in
the rostral part of the horseshoe-shaped Six1-positive ectoderm in the
mouse (Fig. 4). We also found that transcription factors previously
implicated in PPR induction targeted Six1-14 and regulated Six1
expression (Figs. 5–7, discussed below). Collectively, our ﬁndings
strongly suggest that the PPR is an evolutionarily conserved
subdivision of early embryonic ectoderm together with the neural
plate, neural crest and epidermis in vertebrates.
Our study detected Six1 in the outer slope of the ANR as well as the
contiguous region of non-neural ectoderm (Fig. 1). This observation is
consistentwith the view that themost rostral region of the PPR, which
gives rise to adenohypophyseal placode medially and the olfactory
placode laterally (Bhattacharyya et al., 2004; Cobos et al., 2001; Koukiet al., 2001), abuts the rostral end of the neural plate excluding neural
crest from the region (Baker and Bronner-Fraser, 2001; Couly and Le
Douarin, 1985; Osumi-Yamashita et al., 1994; Schlosser and Ahrens,
2004). Furthermore, the localization pattern of Six1 protein supports
previous notions and strongly suggests that Six1 acts as a key
transcription factor in the PPR.
cis-Regulatory element controlling Six1 expression in the PPR
Six1-14 activates transcription in the PPR. However, the activity is
limited to the rostral part of the PPR in chick, Xenopus and mouse. The
region seems to correspond to a subregion of the PPR containing
presumptive placodal cells for anterior placodes (McCabe and
Bronner-Fraser, 2009), and cells labeled by cSix1-14 were indeed
found in those placodes (Figs. 3I–N). The results were unexpected
considering the fairly homogeneous expression of Six1 in the
ectoderm, and thus suggest that Six1-14 accounts for part of Six1
expression in the PPR and that probably other cis-elements are
required for Six1 expression in the caudal PPR and/or the entire PPR.
There are at least two potential mechanisms for regulation of Six1 in
the posterior PPR. 1) Six1-14 is a conserved critical enhancer, and
other CNS or coding sequences cooperate with Six1-14 to expand the
enhancer activity towards the caudal PPR. 2) Six1-14 is a rostral PPR-
speciﬁc enhancer, and parallel elements account for Six1 expression in
the caudal PPR. It is possible that different combinations or
concentrations of signaling molecules and transcription factors direct
Six1 expression separately in the rostral and the remaining parts of the
PPR as described for Sox2 regulation in the central nervous system by
ﬁve separate enhancers (Uchikawa et al., 2003). Concerning other
sequences that could act cooperatively or in parallel with Six1-14,
there are three possibilities. a) ACNS located outside the 150-kb region
may act as an enhancer as reported for several other genes (Kleinjan
Fig. 7. Knockdown of Dlx5 using Stealth siRNA in chick embryos. (A) Effect of Stealth RNAi on Dlx5 mRNA expression from the co-transfected pHM6-cDlx5 in HEK293 cells.
Expression levels of chick Dlx5mRNA (at cycle 20) are normalized to human BETA-ACTINmRNA expression levels and shown relative to the value obtained from the negative control
Stealth siRNA transfection (column 1). Data are mean values from two independent experiments. Column 1: Stealth RNAi Negative Control Medium GC Duplex (1.0), column 2:
NM_204159_stealth_466 (0.29), column 3: NM_204159_stealth_614 (0.14), column 4: NM_204159_stealth_453 (0.28). Among three Stealth siRNAs against chick Dlx5,
NM_204159_stealth_614 showed the strongest knockdown effect. (B) Speciﬁc knockdown of Dlx5 mRNA by Stealth siRNA in chick embryo. Embryos were electroporated with the
negative control siRNA (Stealth RNAi Negative Control Medium GC Duplex) (a,c) or the Dlx5 siRNA (NM_204159_stealth_614) (b,d). Expression pattern of Dlx5 (a,b) and Dlx6 (c,d)
at 6 h.p.e examined by whole mount in situ hybridization. EGFP ﬂuorescence from co-electroporated pCAGIG indicates approximate position of the electroporated areas (a′–d′). Dlx5
expression level is speciﬁcally reduced in the electroporated area (asterisk, b). (C) Knockdown of Dlx5 by Stealth siRNA in chick. The siRNA against Dlx5 and the negative control
siRNA were electroporated with the reporter ptkmRFP1-mSix1-14×4 and control pCAGIG. At 6 h.p.e., compared with negative control siRNA (Ca), the Dlx5 siRNA
(NM_204159_stealth_614) (Cb) reduces the expression of reporter ptkmRFP1-mSix1-14×4 (magenta, pseudocolor) in the area marked with pCAGIG. (D,E) Quantiﬁcation of the
effect of Stealth siRNA on mSix1-14 enhancer activity. The mean values of mRFP1 and EGFP channels of a ﬁxed rectangular area (D) were measured. The mean mRFP1 levels
normalized to the EGFP levels were shown relative to the value obtained from the negative control siRNA (E). The relative mRFP1 intensity of embryos that received cDlx5 siRNAi
was signiﬁcantly lower (Student's t-test, pb0.05) than that of embryos that received negative control siRNA. All images are dorsal views, and anterior is to the top. Abbreviations as in
Figs. 1, 3 and 4. Scale bars: 400 μm (Bd′,Cb,D), 800 μm (Bd).
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combination of conserved sequences may activate Six1 in the PPR. The
existence of modular enhancers and contribution of coding sequences
to transcriptional regulation have been described (Lampe et al., 2008;
Pappu et al., 2005; Tumpel et al., 2008). c) Functionally conserved
(composed of similar sets of transcription factor binding sites) but
diverged (in terms of the exact numbers, order, orientation and
spacing of those sites) sequencesmay also play a role in the conserved
PPR-speciﬁc expression of Six1 (Meireles-Filho and Stark, 2009;
Weirauch and Hughes, 2010).
Interplay of homeodomain proteins control Six1 expression in the PPR
What is the mechanism(s) that controls the enhancer activity of
Six1-14? Our results showed that Dlx5 activated Six1-14 while Msx1
and Pax7 repressed it. Dlx proteins are implicated not only in the
speciﬁcation of the neural plate border but also in the development/induction of PPR and Six1 expression. First, Dlx genes are expressed in
the neural plate border and surrounding non-neural ectoderm and
their expression continues in the PPR and the contiguous posterior
non-neural ectoderm, although which members of the family are
expressed differs among model vertebrates (Akimenko et al., 1994;
McLarren et al., 2003; Pera et al., 1999; Quint et al., 2000; Solomon and
Fritz, 2002; Yang et al., 1998). In mice, Dlx5, Dlx6 and Dlx3 are
expressed in the border/PPR region (Quint et al., 2000; Yang et al.,
1998). Second, in Xenopusmisexpression of a dominant negative Dlx3
represses Six1 expression in the caudal PPR and an ectopic Six1
induction in the ventral ectoderm by grafted neural plate requires
Dlx3 in the ectoderm (Woda et al., 2003). Third, in chick embryos,
Dlx5 misexpression in the non-neural ectoderm and neural tube leads
to upregulation of Six4 (McLarren et al., 2003). Six4 is the neighboring
gene of Six1 (Fig. 2) and its expression pattern resembles that of Six1
(Kawakami et al., 2000; Ozaki et al., 2001) possibly due to enhancer
sharing with Six1. In zebraﬁsh, knockdown of dlx3b/4b abolishes
169S. Sato et al. / Developmental Biology 344 (2010) 158–171six4.1 expression as well as eya1 in the PPR, and misexpression of
dlx3b induces their expression (Esterberg and Fritz, 2009). Thus,
these previous studies are consistent with the model in which Dlx
proteins bind to and activate the Six1 PPR enhancer. Our in vivo
knockdown study identiﬁed Dlx5 as the major Dlx protein involved in
the regulation of Six1-14 in chick embryo.
Msx1 is also classiﬁed as a neural plate border speciﬁer (Meule-
mans and Bronner-Fraser, 2004; Streit, 2007). However, in contrast to
Dlx genes, its expression is pronounced in the posterior region of the
border and maintained in the neural fold, and it plays speciﬁc roles in
neural crest formation instead of PPR (Monsoro-Burq et al., 2005;
Streit, 2002; Streit, 2007; Streit and Stern, 1999). Moreover, a
mutually antagonistic relationship between Dlx and Msx proteins
was described (Givens et al., 2005; Zhang et al., 1997) that involves
heterodimerization and competitive occupancy of the same binding
sites. Importantly, in zebraﬁsh, loss of function of dlx3b/4b leads to
severe reduction of olfactory, trigeminal and otic placodes (Kaji and
Artinger, 2004; Solomon and Fritz, 2002) while simultaneous loss of
both dlx3b/4b and msx genes results in the rescue of the placodal
phenotype and six4.1 expression (Phillips et al., 2006). However, apart
from the Bmp antagonist cv2 (Esterberg and Fritz, 2009), key
downstream target genes or enhancers controlled by Dlx and Msx
remain unknown. Our results suggest that the Six1 rostral PPR
enhancer is one of the direct targets of Dlx and Msx. Other as yet
unidentiﬁed HD proteins could also contribute to the induction of Six1
in the PPR. It is also possible that HD proteins required for neural crest
formation contribute to the exclusion of Six1 expression from the
neural crest territory. Indeed, overexpression of Pax7 repressed
mSix1-14 enhancer most likely through Dlx/Msx binding sites
(Fig. 6E). In addition, we noticed that the consensus binding sequence
(CTAATTAG) of Gbx2, which has recently been shown to be involved
in the induction of neural crest (Berger et al., 2008; Li et al., 2009), is
similar to Dlx and Msx (Fig. 5D).
Six1 expression in the PPR is regulated positively by Fgf and
negatively by Bmp and Wnt (Ahrens and Schlosser, 2005; Brugmann
et al., 2004; Glavic et al., 2004; Hong and Saint-Jeannet, 2007; Litsiou
et al., 2005; Sjodal et al., 2007). However, there was no apparent
target sequence responsive to these signals in the Six1 rostral PPR
enhancer (Fig. 5). In contrast, the expression of Dlx and Msx genes is
regulated by Bmp, Wnt and Fgf at the neural plate border (Litsiou
et al., 2005; Monsoro-Burq et al., 2005; Sauka-Spengler and Bronner-
Fraser, 2008; Streit, 2007; Taneyhill and Bronner-Fraser, 2005), and
the transactivation capacity of Dlx proteins can be modulated by Bmp
through p38-mediated phosphorylation and increased interaction
with p300 (Ulsamer et al., 2008). Thus, it may be possible that these
signaling inputs on Dlx and Msx genes and proteins contribute to
control Six1 expression in the PPR. Finally, we found that Gata-binding
sites in the Six1 PPR enhancer are also important for its activity
(Figs. 5A,B). Gata2 and Gata3 are expressed in the early non-neural
ectoderm (Manaia et al., 2000; Neave et al., 1995; Sheng and Stern,
1999) and Gata protein can cooperate with HD proteins (Friedle and
Knochel, 2002; Gordon et al., 1997; Schlosser, 2006). A recent
identiﬁcation of the binding sequence for the HD of Six family
proteins, G(A/G)TATCA (Affolter et al., 2008; Noyes et al., 2008)
containing a GATA motif, raises the interesting possibility that Six1
and/or Six4 may also regulate the Six1 rostral PPR enhancer.
Conclusions
Wedemonstrated a conserved expression of Six1 in the horseshoe-
shaped ectoderm of mouse and the presence of the conserved non-
coding sequence that acts as an enhancer speciﬁc to the mouse
ectoderm and to the rostral PPR in chick and Xenopus. The results
suggest that the Six1-positive mouse ectoderm is the PPR. Activity of
the Six1 rostral PPR enhancer is positively and negatively regulated by
homeodomain proteins. These ﬁndings provide critical informationand tools to understand the molecular mechanism of early sensory
development.
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